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SUMMARY 
A study has been conducted of t h e  p rope r t i e s  of tungsten f a b r i c a t e d  from 
t h r e e  ingots  consolidated by electron-beam melting. The study included p u r i t y  
as a funct ion of number of melts, r e c r y s t a l l i z a t i o n  and g ra in  growth behavior, 
low-temperature d u c t i l i t y ,  and high-temperature t e n s i l e  and creep s t rength .  
The l e v e l  of most m e t a l l i c  impuri t ies  i n  tungsten decreased with increas-  
i ng  number of electron-beam melts, t h e  reduction being g r e a t e s t  f o r  aluminum, 
i ron,  nickel, and s i l i c o n .  The levels  of i n t e r s t i t i a l  impuri t ies  general ly  were 
not a f f e c t e d  by remelting. R e s i s t i v i t y  r a t i o s  f o r  s ing le  c r y s t a l s  machined from 
ingot  s l i c e s  tended t o  increase on remelting. 
The r e c r y s t a l l i z a t i o n  rates f o r  worked, electron-beam-melted (EB-melted) 
tungsten were s i g n i f i c a n t l y  higher than those observed ear l ier  f o r  arc-melted 
tungsten. 
The g ra in  growth rates of EB-melted tungsten were higher than those r e -  
ported previously f o r  arc-melted tungsten, f u r t h e r  r e f l e c t i n g  t h e  higher  p u r i t y  
of t h e  EB-melted materials. The a c t i v a t i o n  energies  f o r  both r e c r y s t a l l i z a t i o n  
and g ra in  growth i n  EB-melted tungsten were cons i s t en t  wi th  expected values as- 
suming g ra in  boundary se l f -d i f fus ion  t o  be t h e  r a t e -con t ro l l i ng  reac t ion .  
The d u c t i l e - b r i t t l e  bend t r a n s i t i o n  temperature f o r  EB-melted tungsten i s  
s l i g h t l y  higher i n  t h e  worked condition than t h a t  reported f o r  arc-melted tung- 
s ten.  I n  t h e  r e c r y s t a l l i z e d  conditions, t h e  t r a n s i t i o n  temperatures for EB- 
and arc-melted tungsten are similar. 
The t e n s i l e  s t r eng th  of EB-melted tungsten a t  2500O t o  4000° F i s  l e s s  t han  
t h a t  of arc-melted tungsten.  This i s  p a r t l y  a s soc ia t ed  wi th  t h e  l a r g e  g r a i n  
s i z e  of EB-melted tungsten.  However, when compared a t  t h e  same g r a i n  s ize ,  
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Presented i n  p a r t  i n  E f f e c t s  of Grain Size on Tensi le  and Creep Proper- 
t i e s  of Arc-Melted and Electron-Beam-Melted Tungsten a t  2250° t o  4140° F by 
W i l l i a m  D. Klopp, Walter R. Witzke, and P e t e r  L. Raffo, AIME Trans., vol. 233, 
no. 10, Oct. 1965, pp. 1860-1866. 
FB-melted tungsten i s  s t i l l  about 15 percent weaker than arc-melted tungsten; 
th i s  d i f f e rence  may be a s soc ia t ed  with the lower impurity levels  i n  EB-melted 
tungsten. 
The high-temperature creep s t r eng th  of EB-melted tungsten i s  l e s s  t han  t h a t  
of arc-melted tungsten, b u t  th i s  appears t o  be e n t i r e l y  t h e  resul t  of t h e  l a r g e r  
g ra in  s i z e  of EB-melted tungsten. When compared a t  s i m i l a r  g r a i n  s izes ,  t h e  
creep s t r eng ths  of FB- and arc-melted tungsten a t  3000' t o  3500° F are s i m i l a r .  
Step-load creep t e s t s  a t  2250' t o  3630' F e s t ab l i shed  t h a t ,  a t  t h e  stress 
l e v e l s  s tudied (2130 t o  6870 p s i ) ,  EB-melted tungsten e x h i b i t s  only t r a n s i e n t  
creep behavior a t  2250° t o  2750° F. A t  2875O F and higher, EB-melted tungsten 
e x h i b i t s  t r a n s i e n t  creep i n i t i a l l y ,  followed by steady creep and f i n a l l y  a p e r i -  
od of acce le ra t ing  creep rate terminating i n  fa i lure .  The a c t i v a t i o n  energies  
f o r  t r a n s i e n t  and steady creep a r e  106 400 and 141  000 c a l o r i e s  per gram-mole, 
respect ively.  Recovery by d i s loca t ion  climb i s  probably ra te  con t ro l l i ng  during 
steady creep. 
INTRODUCTION 
I n  view of t h e  p o t e n t i a l  usefulness of tungsten-base a l l o y s  as f u t u r e  high- 
temperature s t r u c t u r a l  materials, base- l ine s tud ie s  on tungsten consolidated by 
melting have been conducted a t  t h e  NASA L e w i s  Research Center. 
po r t  ( re f .  1) descr ibes  t h e  me ta l lu rg ica l  and mechanical p rope r t i e s  of a rc -  
melted tungsten; t h e  present r epor t  descr ibes  t h e  r e s u l t s  of similar s tud ie s  on 
electron-beam-melted (EB-melted) tungsten. 
A previous re- 
Although both a r c  melting and ES melting a r e  conducted i n  high vacuum, 
t h e r e  a r e  important d i f f e rences  i n  t h e  two  processes. Normal arc-melting prac- 
t i c e  i s  t o  melt r a t h e r  r ap id ly  i n t o  a deep, nonretractable  c ruc ib le .  Chamber 
pressures range from 10-5 t o  lo-* t o r r ,  although a c t u a l  vapor pressures over t h e  
molten ingot  t o p  are higher because of t h e  remoteness of t h e  melting region. I n  
cont ras t ,  EB melting i s  e s s e n t i a l l y  a slow, drip-melting process. The ingot  i s  
formed on a s t o o l  t h a t  i s  r e t r a c t e d  slowly during melting so t h a t  t h e  molten 
ingot  t o p  i s  always a t  t h e  t o p  of t h e  water-cooled c ruc ib l e  and i s  exposed t o  a 
chamber pressure of about t o r r .  Because of t h e  slower melting r a t e ,  t h e  
longer hold time i n  t h e  molten s t a t e ,  and t h e  b e t t e r  vacuum above t h e  molten 
metal, more p u r i f i c a t i o n  through impurity v o l a t i l i z a t i o n  can occur during EB 
melting than during a r c  melting. Further,  it i s  general  p rac t i ce  t o  EB-melt two 
or more t i m e s ,  t hus  e f f e c t i n g  f u r t h e r  pu r i f i ca t ion .  
ferences, tungsten consolidated by EB melting i s  expected t o  be of higher p u r i t y  
than t h a t  consolidated by a r c  melting. The d i f f e rences  a r e  d i f f i c u l t  t o  d e t e c t  
a n a l y t i c a l l y  s ince  t h e  impurity l e v e l s  are near t h e  de t ec t ion  l i m i t s  i n  both 
materials. 
A s  a r e s u l t  of t hese  d i f -  
Previous s tud ie s  on EB-melted tungsten have shown varying r e s u l t s  regarding 
the  d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature. Witzke, e t  al.  ( r e f ,  2 )  found t h e  
t e n s i l e  t r a n s i t i o n  temperature f o r  extruded EB-melted tungsten t o  be higher 
(790° F )  than t h a t  f o r  .powder-metallurgy tungsten of similar g ra in  s i z e  (640' F ) .  
However, Orehotsky and S t e i n i t z  ( r e f .  3) and Campbell and Dickinson ( r e f .  4 )  
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showed t h a t  the  t e n s i l e  t r a n s i t i o n  temperature f o r  r e c r y s t a l l i z e d  wire drawn 
from zone-refined rod and EB-melted tungsten ingots  was lower than t h a t  of 
powder-metallurgy wire and decreased with increasing melting time. 
Additionally, l i m i t e d  s tudies  have ind ica ted  t h a t  EB-melted tungsten has a 
lower r e c r y s t a l l i z a t i o n  temperature and lower t e n s i l e  s t rength  a t  600' t o  
3500° F ( r e f .  2 )  than l e s s  pure tungsten consolidated by powder-metallurgy 
techniques. 
The purpose of t h e  present study was t o  f u r t h e r  character ize  the  proper t ies  
of unalloyed EB-melted tungsten f o r  comparison with the  proper t ies  of powder- 
metallurgy and arc-melted tungsten and t o  provide base- l ine da ta  f o r  tungsten 
al loy s tudies .  The proper t ies  evaluated included r e c r y s t a l l i z a t i o n  behavior, 
g ra in  growth behavior, low-temperature bend and t e n s i l e  d u c t i l i t y ,  and high- 
temperature t e n s i l e  and creep behavior. 
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SYMBOLS 
temperature-dependent constant 
exponential s t r e s s  f a c t o r  
exponential g ra in-s ize  f a c t o r  
circumference of c i r c l e ,  cm 
constant 
creep s t r a i n  
steady creep r a t e ,  see'' 
g ra in  shape f a c t o r  (=1) 
boundary migration r a t e ,  cm/sec 
frequency f a c t o r  f o r  boundary migration, cm/sec 
parabol ic  gra in  growth ra te ,  cm2/sec 
t r ans i en t  creep r a t e ,  
steady creep constant 
average gra in  diameter, cm 
i n i t i a l  average gra in  diameter, cm 
magnification 
average number of gra ins  per un i t  volume, 
( sec-1) (psi-10.2) 
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NO 
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-3 average number of r e c r y s t a l l i z a t i o n  nuc le i  per  u n i t  volume, cm 
number of i n t e r c e p t s  
a c t i v a t i o n  energy, tal/( g) (mol) 
gas constant,  tal/( mol) (OK) 
engineering s t r e s s ,  p s i  
temperature, ?K 
absolute  melting poin t  
time, see 
ul t imate  t e n s i l e  s t rength,  p s i  
f r a c t i o n  r e c r y s t a l l i z e d  
t r a n s i e n t  creep constant,  sec  
t r u e  p l a s t i c  s t r a i n  
t r u e  s t r e s s ,  p s i  
ex t rapola ted  s t r e s s  i n t e rcep t  a t  zero s t r a in ,  p s i  
-1/3 
st rain-hardening coef f ic ien t ,  p s i  2 
EXPERIMENTAL PROCEDURES 
S t a r t i n g  Mater ia l s  
The s t a r t i n g  ma te r i a l s  f o r  t h i s  study cons is ted  of s in t e red  unalloyed 
(mdoped) 15- t o  18-pound tungsten bars.  These ba r s  measured 1.125 t o  1.1875 
inches i n  diameter by 24 inches long and were approximately 93 percent dense. 
Me It i ng 
The t h r e e  ingo t s  employed for t h e  major por t ion  of t h i s  study were consol- 
i da t ed  by EB melting under a vacuum of t o r r  i n t o  a water-cooled copper 
c ruc ib le  equipped wi th  a r e t r a c t a b l e  s t o o l  ( r e f .  2 ) .  A remote, magnetically 
focused EB-melted gun was employed f o r  i n i t i a l  melting of t he  s in t e red  bar, 
s ince gases evolved from the  b a r  during melting caused considerable s p l a t t e r i n g  
and promoted e l e c t r i c a l  i n s t a b i l i t y  of t h e  beam. 
was f e d  ho r i zon ta l ly  i n t o  t h e  e l ec t ron  beam j u s t  above t h e  c ruc ib le  and melted 
r ap id ly  (0.5 t o  1 lb/min) t o  give a 1.5-inch-diameter ingot.  
then  remelted slowly (0 .1  t o  0 . 2  lb/min) using a c i rcumferent ia l  "close" gun. 
The ingot  was f e d  v e r t i c a l l y  through the  close gun and melted i n t o  a 2.5-inch- 
The tungsten s t a r t i n g  ma te r i a l  
This ingot  w a s  
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TAEGE I. - CHEMICAL ANALYSES OF ELEXTRON- 
BEAM-MELTED TUNGSTEN INGOTS 
Element 
Oxygen 
Nitrogen 
Carbon 
Hydrogen 
Aluminum 
Calcium 
Chromium 
Cobalt 
Columbium 
Copper 
I r o n  
Magnesium 
Manganese 
Molybdenur 
Nickel 
S i l i c o n  
Sodium 
Tant alumC 
Titanium 
melted 
Impurity content,  ppmb 
c 3  
c7 
10 
1 
.16 
.48 
.015 
1 
<.5 
2.8 
* 19 
.05 
<.01 
.02 
1.5 
.1 
C.1 
<1 
32 
2 
1 3  
4 
<1 
.13 
<. 05 
.64  
<.1 
<.5 
.07 
.07 
<.01 
<.01 
2.8 
C.1 
.38 
C.01 
6 
<.1 
2 
<5 
10 
-- 
.05 
.02 
.015 
.27 
.11 
.08 
.02 
.08 
.95 
< .005 
.008 
1.6 
2.5 
1 
9 
aAverage ana lys i s  of 5 l o t s  of f a b r i c a t e d  tung- 
s t e n  from r e f .  1. 
b h a l y s e s  conducted a s  follows: 
Oxygen and hydrogen - vacuum fus ion  
Nitrogen - Kjeldahl  
Carbon - combustion 
Meta l l i c s  - average of emission and mass spec- 
trography. 
emission and mass spectrography a re  repor ted .  
Only element s de t ec t ed  by both  
CAnalyses on f a b r i c a t e d  mater ia l s .  
diameter crucible .  
The number of melts f o r  t h e  
th ree  ingots  used i n  t h e  present 
study w a s  four  or seven, as shown i n  
t a b l e  I. A fou r th  ingot, EB-175, w a s  
a l s o  melted seven t imes and evaluated 
f o r  melting e f f e c t s  on pu r i ty  only. 
Extrusion 
Two of t h e  t h r e e  ingots  (EB-43 
and EB-100) were machined i n t o  b i l -  
l e t s  measuring 2.08 inches i n  diam- 
e t e r  by 4.5 inches t a l l  and extruded 
i n  a hydraul ic  ex t rus ion  press.  The 
t h i r d  ingot,  EB-87, was machined i n t o  
a b i l l e t  measuring 1 . 7 0  inches i n  d i -  
m e t e r  by 2 . 5  inches long and ex- 
t ruded i n  an impact extrusion press.  
The surface qua l i t y  of a l l  t h ree  ex- 
t ru s ions  w a s  good. A l l  extrusions 
were sound and could be f ab r i ca t ed  
i n t o  good qua l i ty  rod and/or sheet.  
Variat ions i n  the  preheat tem- 
perature  between 3000° and 3 5 0 0 O  F, 
reduction r a t i o s  between 6 and 8, or 
i n  t he  type of ex t rus ion  press  d id  
not appear t o  s i g n i f i c a n t l y  a f f e c t  
, t h e  surface q u a l i t y  of t h e  extrusion.  
Fabr ica t ion  
After sect ioning t o  obta in  
metallographic and a n a l y t i c a l  specimens, t he  extruded rods were w a r m  f ab r i ca t ed  
t o  rod and/or sheet t o  provide ma te r i a l  f o r  r e c r y s t a l l i z a t i o n  and g ra in  growth 
s tud ie s  and bend, t e n s i l e ,  and creep t e s t s .  Swaging and r o l l i n g  were conducted 
a t  a s t a r t i n g  temperature of 2300° F and a f in i sh ing  temperature of 2100° F. 
Rec rys t a l l i za t ion  and Grain Growth Studies  
Recrys ta l l iza t ion  s tud ie s  were conducted on swaged rod from l o t  EB-43 and 
on both  rod and sheet from l o t  EB-100. Rod specimens were 0.22 or 0.36 inch i n  
diameter by 0 . 2 5  inch long, while sheet specimens were 0.026 t o  0.056 inch 
th ick ,  0 . 2 5  inch wide, and 0 . 3 7 5  inch long. These specimens were annealed for 
t imes ranging from 10 minutes (0.13 h r )  t o  7 hours a t  temperatures from 1900° 
t o  2 7 0 O O F .  
hydrogen-atmosphere furnace. 
A l l  annealing t reatments  were conducted i n  an induction-heated 
Temperatures were monitored with a 
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tung s t e n/ t  ung s t  en- 2 6 per c e n t  rheni  um thermocouple . 
Longitudinal sec t ions  of t h e  annealed specimens were examined metallo- 
graphical ly  and t h e  f r a c t i o n  r e c r y s t a l l i z e d  w a s  averaged from v i s u a l  es t imates  
by two observers over a t  l e a s t  10 areas  on each specimen. The average gra in  
diameter w a s  determined f o r  specimens r e c r y s t a l l i z e d  90 percent or more by 
counting the  number of boundary in t e rcep t s  wi th  a c i r c l e  48.3 centimeters i n  
circumference on a pro jec t ion  screen. The r e l a t i o n  employed f o r  ca lcu la t ing  t h e  
g ra in  diameter w a s  
C L = -  
Mn 
A t  l e a s t  f i v e  counts of about 40 i n t e rcep t s  each were averaged f o r  each speci- 
men. The number of gra ins  per  cubic centimeter i s  ca lcu la ted  ( r e f .  5 )  as 
fi =($ 3 
Grain growth s tud ie s  were a l s o  conducted on a 0.36-inch-diameter rod (EB-43 
and EB-100) or 0.045-inch-thick sheet (EB-87) specimens from each of t h e  three  
l o t s .  These specimens were annealed f o r  1 or 4.5 hours a t  temperatures ranging 
from 2500° t o  4200° F. Annealing t reatments  a t  2500' t o  3000' F were conducted 
i n  t h e  induction-heated hydrogen-atmosphere furnace used f o r  r e c r y s t a l l i z a t i o n  
s tudies .  Annealing treatments a t  higher temperatures were conducted i n  a 
resis tance-heated tungsten-element vacuum furnace. Temperatures i n  the  l a t t e r  
furnace were measured by o p t i c a l  pyrometry and a re  es t imated t o  be accurate  t o  
+25OF. The i n i t i a l  condition f o r  gra in  growth study specimens was as worked; 
t h e  i n i t i a l  g ra in  s i ze  was taken as t h a t  which w a s  c h a r a c t e r i s t i c  of t h e  same 
mater ia l  immediately a f t e r  r ec rys t a l l i za t ion .  
were determined by t h e  intercept-count  method descr ibed previously.  
F i n a l  g ra in  s i z e s  a f t e r  annealing 
Bend Transi t ion Studies  
Bend specimens measuring 0.375 by 0.75 inch were cut  from 0.050-inch-thick 
sheet r o l l e d  from extruded ba r  of l o t  EB-87. P r io r  t o  t e s t ing ,  t h e  bend speci-  
mens were e lec t ropol i shed  for 10 minutes a t  1 2  v o l t s  d i r e c t  cur ren t  i n  a 2 per- 
cent sodium hydroxide aqueous solution. This treatment removed 3 t o  6 m i l s  of 
mater ia l  per  s ide and produced smooth, sc ra tch- f ree  surfaces  on t h e  specimens. 
Bend t e s t s  were conducted i n  a spec ia l ly  constructed apparatus as described i n  
reference 1. The bend rad ius  was four  times the  specimen thickness  (4T). 
Tensi le  and Creep Studies  
Tensi le  specimens f o r  both low- and high-temperature t e n s i l e  creep t e s t s  
were machined from 0.36-inch-diameter swaged rod. The specimen reduced sec t ion  
was 0.16 inch i n  diameter by 1.03 inches long. 
For low-temperature t e s t i n g  t o  determine t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  
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temperature, t he  specimen surfaces  were e lec t ropol i shed  i n  the  sodium hydroxide 
so lu t ion  described previously.  
reproducib i l i ty  of t e n s i l e  d u c t i l i t y  da t a  and a l s o  t o  lower t h e  d u c t i l e - b r i t t l e  
t r a n s i t i o n  temperature s l i g h t l y  by reducing surface roughness. Testing w a s  con- 
ducted i n  vacuum at  a crosshead motion r a t e  of 0.005 inch per  minute t o  about 
0.5 percent p l a s t i c  s t r a i n  i n  order t o  define t h e  0 . 2  percent o f f s e t  y i e l d  
strength,  a f t e r  which the  crosshead movement r a t e  w a s  increased t o  0.05 inch 
per  minute t o  f r ac tu re .  
This procedure has been shown t o  improve t h e  
Tensi le  t e s t s  a t  25000 t o  4000° F were conducted on a screw-driven t e n s i l e  
machine equipped with a high-temperature vacuum ( lx10m5 t o r r )  furnace, which has 
been described previously ( r e f .  6 ) .  
those employed f o r  low-temperature t e s t ing .  Approximate t r u e - s t r e s s  - t rue -  
s t r a i n  flow curves were constructed f o r  each t e n s i l e  t e s t  up t o  t h e  point  of 
maximum load by assuming constant volume and uniform deformation i n  the  reduced 
section. Specimen extension during t e s t i n g  was taken as equal t o  t h e  crosshead 
movement s ince extensometers capable of accurate  s t r a i n  measurements a t  2500O 
t o  4000° F were not ava i lab le .  This use of s t r a i n  measurements based on cross- 
head movement introduces some e r r o r  s ince crosshead motion a l s o  r e f l e c t s  g r i p  
s e t t l i n g  and creep during t e s t i n g .  
Crosshead movement r a t e s  were t h e  same as 
Creep t e s t s  were conducted i n  a conventional beam-load machine equipped 
with a vacuum chamber and tantalum hea te r  s i m i l a r  t o  t h a t  used f o r  t e n s i l e  t e s t -  
ing. Pressure during t e s t i n g  w a s  maintained a t  approximately 10-6 t o r r .  Speci- 
men extensions were measured from loading rod movement and corrected f o r  creep 
of t h e  loading rods. 
couples t i e d  t o  t h e  center  of t h e  specimen reduced sec t ion  were employed f o r  
temperature measurements during t e s t ing .  
Cal ibra ted  tungsten/tungsten-26 percent rhenium thermo- 
Grain s i zes  were measured i n  t h e  heated but  undeformed shoulders of a l l  
t e n s i l e  and creep specimens a f t e r  t e s t i n g .  
RESULTS AND DISCUSSION 
Ef fec t  of Electron-Beam Melting on Pur i ty  
Chemical analyses of t h e  th ree  ingots  of EEbmelted tungsten before  fabr ica-  
t i o n  a re  shown i n  t a b l e  I (p.  5) .  The spectrographic analyses f o r  me ta l l i c  i m -  
p u r i t i e s  a re  averages of emission and mass spectrographic analyses.  
The oxygen contents  of t hese  mater ia l s  a r e  seen t o  be cons i s t en t ly  lower 
than t h e  average f o r  f i v e  o ther  l o t s  of arc-melted tungsten from reference 1. 
Nitrogen and carbon contents, however, vary from l o t  t o  l o t  and are  s i m i l a r  t o  
those observed f o r  t h e  arc-melted mater ia ls .  
Spectrographic analyses ind ica t e  t h a t  s m a l l  amounts of tantalum were pres- 
e n t  i n  t h e  f ab r i ca t ed  mater ia l s .  The tantalum contents ranged from 6 t o  32 ppm, 
while tan ta lum w a s  undetected i n  t h e  arc-melted mater ia ls .  This contamination 
apparently r e su l t ed  from melting onto tantalum-10 percent tungsten melting pads, 
bu t  a t  these  l e v e l s  d id  not appear t o  s i g n i f i c a n t l y  a f f e c t  t h e  proper t ies  of 
EB-melte d tungs ten.  
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The l e v e l s  of m e t a l l i c  impurit ies,  o ther  than tantalum, were lower i n  the  
EB-melted mater ia l s  than i n  t h e  arc-melted mater ia ls .  A s  seen i n  t a b l e  I 
(p .  5), t he  l e v e l s  of aluminum, iron, nickel, and s i l i c o n  i n  par t icu lar ,  were 
much lower i n  t h e  EB-melted tungsten than i n  arc-melted tungsten. 
analyses show considerable sca t t e r ,  it appears t h a t  t h e  major e f f e c t  of EB melt- 
ing i s  t o  reduce t h e  l e v e l s  of meta l l ic  impuri t ies  without s ign i f i can t ly  a f f ec t -  
ing the  amounts of i n t e r s t i t i a l  impurit ies.  
Although the  
3ixth 
ne l t  
The e f f e c t  of remelting on ingot p u r i t y  w a s  s tudied on ingot  EB-175, which 
was not included i n  other  evaluations.  Chemical analyses were obtained a f t e r  
remote gun melting, c lose gun melting, and after each subsequent close gun re -  
melt. I n  addition, as a f u r t h e r  ind ica t ion  of purity,  e l e c t r i c a l  r e s i s t i v i t y  
r a t i o s  ( r e s i s t i v i t y  a t  4 .2O K / r e s i s t i v i t y  a t  3oOo K )  were determined on s ingle  
c rys ta l s ,  which were spark discharge machined from indiv idua l  gra ins  of ingot  
EB-175 a f t e r  each melt. 
i n  order t o  promote t h e  growth of la rge  columnar gra ins  and t o  e l iminate  the  
tantalum contamination associated with melting d i r e c t l y  on the  tantalum-10 per- 
cent tungsten r e t r a c t a b l e  s tool .  
This ingot w a s  melted onto a large-grained tungsten pad 
Seventl 
melt  
Results of t he  chemical analyses and r e s i s t i v i t y  r a t i o  determinations a re  
Close 
gun 
melt 
TABLF 11. - CHEMICAL ANALYSES AND FESISTIVITY RATIOS 
Third 
melt  
ON INGOT FB-175 AFTER EACH MELT 
2 
7 
5 
.2 
.15 
.2 
<.1 
.7 
.1 
<.01 
.02 
.3 
4 
Element 
Oxygen 
Nitrogen 
Carbon 
Aluminum 
Calcium 
Chromium 
Columbium 
Copper 
I r o n  
Molybdenun 
Nickel  
S i l i c o n  
Tantalum 
8 
7 
33 
.5 
.25 
.2 
.1 
.5 
.15 
<.01 
.05 
1 
< 3  
1 
Remote 
gun 
cons o l i  - 
d a t i o n  
melt  
1 
5 
5 
1.7 
1.7 
.5 
.1 
.25 
.08 
.1 
1 
5 
20 
Fourth 
melt 
F i f t l  
melt  
Analysis, ppma 
5 
13 
25 
<.1 
.6 
.7 
1.7 
<.1 
.3 
2.8 
.2 
1.3 
3.5 
R e s i s t i v i t y  r a t i o '  
aAnalyses for m e t a l l i c s  a r e  average of analyses  by mass 
bSpecimen was determined a f t e r  t e s t i n g  t o  be polycrys ta l -  
CRatio of e l e c t r i c a l  r e s i s t i v i t y  a t  4.2O K t o  t h a t  a t  room 
and by emission spectrography. 
l i ne ;  a l l  o t h e r s  were s ing le  c rys t a l s .  
temperature.  
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given i n  t a b l e  11. Although both  t h e  chemical analyses and r e s i s t i v i t y  r a t i o  
da ta  show considerable sca t t e r ,  a t r e n d  toward higher pu r i ty  with repeated re -  
melting i s  apparent. The h ighes t  e l e c t r i c a l  r e s i s t i v i t y  r a t i o  observed here, 
2930, i s  considerably lower than  t h e  values of 40 000 and 70 000 observed by 
Koo ( r e f .  7 )  and Drangel and Murray ( r e f .  8),  respect ively,  f o r  tungsten s ingle  
c r y s t a l s  grown by t h e  f l o a t i n g  zone melting technique. This d i f fe rence  may be 
associated e i t h e r  with lower p u r i t y  o r  with a l a r g e r  amount of substructure  i n  
t h e  present  mater ia ls .  
Rec rys t a l l i za t ion  Behavior 
Recrys ta l l iza t ion  s tud ie s  were conducted on rod from EB-43 and on both rod 
and sheet from EB-100 i n  order t o  determine t h e  va r i a t ions  i n  behavior between 
l o t s  and the  e f f e c t s  of va r i a t ions  i n  p r i o r  s t r a in ,  time, and temperature of an- 
nealing. It w a s  a l s o  of i n t e r e s t  t o  compare t h e  annealing response of high- 
pu r i ty  EB-melted tungsten with t h a t  of t h e  l e s s  pure arc-melted tungsten de- 
sc r ibed  i n  reference l. D a t a  from t h e  present s tud ies  a re  presented i n  
t a b l e  111. Micrographs of representa t ive  p a r t i a l l y  and f u l l y  r e c r y s t a l l i z e d  
s t ruc tu res  (EB-100) a re  included i n  f i gu re  1. 
The e f f e c t s  of varying p r i o r  s t r a i n  were s tudied t o  a l imi t ed  extent .  The 
EB-43 mater ia l  r e c r y s t a l l i z e d  f a s t e r  f o r  a p r i o r  reduction of 59 percent as com- 
pared t o  a p r i o r  reduct ion of 46 percent.  
reduced mater ia l  w a s  f i n e r  a f t e r  r e c r y s t a l l i z a t i o n  than t h a t  of t he  l e s s  heavi ly  
reduced material ,  as would be expected. 
although the re  w a s  more s c a t t e r  i n  these  data. 
The gra in  s i z e  of t he  more heavi ly  
Lot EB-100 exhib i ted  s i m i l a r  behavior, 
I n  order t o  compare more quan t i t a t ive ly  t h e  r e c r y s t a l l i z a t i o n  behavior of 
t h e  various l o t s ,  t h e  da t a  were cor re la ted  i n  terms of a nucleat ion and growth 
transformation by the  Johnson-Mehl r e l a t i o n  ( r e f .  9 )  
- f E o G 3 t  
X = l - e  ( 3 )  
The form of t h i s  r e l a t i o n  as here employed assumes tha t ,  - a t  the  s tar t  of 
r ec rys t a l l i za t ion ,  a number of h igh-s t ra in  energy s i t e s  No transform r e l a -  
t i v e l y  rap id ly  i n t o  new s t r a i n - f r e e  g ra in  nuclei .  These nuc le i  then grow, t h e  
dr iving force  being equal  t o  t h e  d i f fe rence  i n  p o t e n t i a l  s t r a i n  energy between 
t h e  s t r a ined  unrecrys ta l l ized  ma te r i a l  and t h e  unstrained r e c r y s t a l l i z e d  mate- 
r ia l .  The boundaries of t h e  new s t r a in - f r ee  gra ins  move l i n e a r l y  w i t h  time a t  
a temperature-dependent r a t e  G u n t i l  they impinge on boundaries from other  
new s t r a in - f r ee  grains .  A t  t h i s  point,  boundary migration ceases. There i s  
l i t t l e  tendency f o r  s m a l l  g ra ins  t o  be consumed by l a r g e r  g ra ins  a t  these  tem- 
pera tures  because t h e  d i f fe rences  i n  energy between a s m a l l  g r a in  and a l a rge  
g ra in  (assoc ia ted  with t h e  d i f fe rences  i n  r a d i i  of curvature of t h e  g ra in  bound- 
a r i e s )  a re  s m a l l  compared w i t h  t h e  energy d i f fe rences  between - t h e  s t r a ined  and 
unstrained areas.  For t h i s  reason, t he  number of nuclei  No has been taken i n  
t h i s  study t o  be equal t o  t h e  number of r e c r y s t a l l i z e d  gra ins  per  cubic cen t i -  
meter f o r  t he  ca lcu la t ion  of G, t h e  boundary migration r a t e .  
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Reduction 
during 
fabrication, 
percentC 
Initial 
average 
grain 
diameter. 
cm 
LO 9 
(a) 
Lot EB-100 
0.17 
.17 
,” 
1.5 
1900 
2100 
1 
2200 
2.5 
3.5 
.17 
250 
.75 
.17 
2200 
2200 
2300 
1 
2500 
TABLE 111. - RECRYSTALLIZATION BEHAVIOR OF UNALLOYED ELECTRON-BEAM-MELTED TUNGSTEN 
Annealing 
condition + Time, Temper- Material geometry Average num- ber of recrys- tallization nuclei per unit 
volume, - 
NO 9 
X 
_ _ _ _  
______ 
0 
.02 
.34 
.61 
.02 
.26 
.86 
.04 
.02 
.12 
.03 
.94 
.98 
1.00 
1.00 
_ _ _ _  
______ 
0 
0 
.03 
.76 
.53 
.25 
.88 
.99 
.25 
.49 
.35 
.95 
1.00 
1.00 
1.00 
0 
0.13 
.33 . 49 
.65 
.70 
.so 
1.00 
0.46 
.73 
1.00 
.75 
.66 
.61 
1.00 
0.62 
.71 
.72 
.88 
.93 
1.00 
1.00 
0.65 
1.00 
0.88 
1.00 
0.94 
1.00 
L, 
cm 
Lot E8-43 
~ 
As swaged 3.36-inch rod 46 0.0229 E .  3 5 ~ 1 0 ~  455 
444 
455 
421 
405 
468 
387 
422 
435 
437 
428 
416 
363 
374 
347 
455 
467 
435 
455 
429 
442 
437 
370 
354 
435 
440 
380 
368 
369 
360 
333 
~ 
_ _ _  
~ 
- __  
446 
413 
401 
380 
38 7 
354 _ _ _  
409 
421 
348 
394 
394 
413 
360 
401 
387 
373 
394 
373 _ _ _  _ _ _  
425 
383 
394 
373 
351 
360 
0.17 
3 
5 
7 
2100 
1 
2200 
2200 
2200 
1.5 
2.5 
3.5 
.17 
.25 
.50 
.75 
.17 
2300 
2500 
1:F 1 2: 
.17 2700 
59 0.0176 1. 8 3 ~ 1 0 ~  As swaged 
.17 2500 
.33 I 2500 
.17 2700 
0.58 
.70 
.85 
1.20 
1.47 
1.73 
1.0 
0.5 
1.0 
2.0 
.13 
.20 
.27 
1.0 
0.20 
.25 
.30 
.35 
.42 
1.0 
1.0 
1 
1 
1 
2200 
i 
2300 
2300 
2300 
2300 
2400 
i 
2200 
1 
2300 
2400 
2000 
2100 
2000 
2100 
2000 
2100 
1. 45x105 
9. 42x104 
4. 55x105 
7.41~10~ 
1.17~10~ 
1 .56x107 
1.22-inch rod 63 0.0190 
~ 
0.0220 83 
89 0.0130 
0.0144 
.0116 
_ _ _ _ _ _  
0.00513 
93.6 
95.4 
97 
0.00513 
0.00441 
0.00400 
0.056-inch sheet 
0.040-inch sheet 
0.026-inch sheet 
aAveraged from measurement on just-recrystallized specimens. 
bCalculated mom initial average grain diameter by eq. (2). 
CReduction after extrusion or intermediate recrystallizing anneal. 
dlO-kg load. 
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(a) Annealed for 1/2 hou r  at 2300' F; 46 percent recrystall&l. (b) Annealed for 1 hour  at 2300" F; 73 percent recrystallized. 
(c) Annealed for 1 hour  at 2400" F; fu l ly  recrystallized; average grain 
diameter, 0.0211 centimeter. 
(d) Annealed for 1 hour  at 2800" F; fu l ly  recrystallized; average grain 
diameter, 0.0321 centimeter. 
(e) Annealed for 1 hour  at 3200" F; fu l l y  recrystallized; average grain (0 Annealed for 1 hour  at 3600" F; fully recrystallized; average grain 
diameter, 0.0731 centimeter. diameter, 0.2147 centimeter. 
Figure 1. - Recrystallizationand grain growth of extruded and swaged electron-beam-melted tungsten (lot EB-100); X100. 
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More recent  s tud ies  have suggested t h a t  c e r t a i n  of t he  assumptions bas ic  t o  
the  Johnson-Mehl r e l a t i o n  may not be s t r i c t l y  correct .  For example, i n  r e fe r -  
ence 10 it w a s  concluded, based on s tudies  of s i l i c o n  iron, t h a t  t he  r a t e  of 
boundary migration G decreased with t i m e  r a t h e r  than remaining constant. This 
w a s  a t t r i b u t e d  t o  a segregation of t he  so lu te  t o  subgrain boundaries i n  t h e  unre- 
c r y s t a l l i z e d  material .  Deter t  and Dressler  ( r e f .  ll), working with high-purity 
nickel, observed a time dependency of t ln4 r a t h e r  than t3 as i n  the  Johnson- 
Mehl r e l a t ion .  For t h e  purposes of the  present  study and i n  view of the  da ta  
s c a t t e r  obtained, t h e  use of t he  Johnson-Mehl r e l a t i o n  appears adequate. 
- 
Values f o r  t h e  number of r e c r y s t a l l i z a t i o n  nuc le i  No and the  calculated 
boundary migration r a t e s  
t a b l e  I V  f o r  t he  various temperatures and reductions studied. It i s  seen t h a t  
t he  calculated values of G vary only s l i g h t l y  with annealing time ( t a b l e  IV) 
and, f o r  EB-43, with p r i o r  reduction. For EB-100, t he  very l imi ted  da ta  suggest 
t h a t  G increases  with increasing p r io r  reduction, but, i n  view of t he  r e s u l t s  
f o r  EB-43 and for arc-melted tungsten ( r e f .  l), t h i s  trend. i s  a t t r i b u t e d  t o  da ta  
sca t t e r .  Thus, t he  r e c r y s t a l l i z a t i o n  behavior of each l o t  may be semiquantita- - 
t i v e l y  described i n  terms of the  number of r e c r y s t a l l i z a t i o n  nuclei  
i s  a funct ion of p r i o r  s t r a in ,  and the  r a t e  of strain-induced gra in  boundary 
migration G, which va r i e s  with temperature. 
G a r e  included i n  t a b l e  I11 and a re  averaged i n  
No, which 
The average boundary migration r a t e s  f o r  both l o t s  s tudied a re  included i n  
t a b l e  I V  and are  p l o t t e d  i n  f igu re  2, along with similar da ta  for arc-melted 
TABLE IV. - AVERAGE RFCHYSTALLIZATION RATES FOR 
ELECTRON-BEAM-MELTED TUNGSTEN 
1 2  
Lot Temper- 
a ture ,  
q? 
Reduction, 
percent  
EB-43 
Logarithmic 
average of 
boundary migra. 
t i o n  r a t e  f o r  
each reduction: 
cm/sec 
7 . 7 6 ~ 1 0 ~ ~  
59 46 I 7.12 
I 
1.80~10-~ 
59 46 1 2.09 
4.25 
1. 45X10-6 
1.57 
3.95 
2300 8 3  
I 2400 I 8 3  1 4 . 8 0 ~ 1 0 - ~  
Logarithmic 
average of  
ioundary migra- 
t i o n  r a t e  f o r  
each l o t ,  
cm/sec 
7 . 4 3 ~ 1 0 ' ~  
1 . 9 4 ~ 1 0 - ~  
7. 47X10m6 
4 . 0 8 ~ 1 0 ' ~  
2. 08X10-6 
7 . 6 7 ~ 1 0 - ~  
1.78~10~~ 
4 . 8 0 ~ 1 0 - ~  
10- 
U 0)
10' 5 
a- 
W- 
e 
E 
?? 
c 
c 0.- 
c 
m 
E 
.- 
m V
0 
5 10 
m 
10' 
i 
\ 
- 
- 
6 
T 
me1 
tungstei 
I 
6.0 
Activatfon energy, 
callg-mole, 
tungsten. It i s  seen t h a t  t he  boundary 
migration r a t e s  f o r  t he  high-purity 
EB-melted mater ia l  a r e  s ign i f i can t ly  
higher than those f o r  t he  l e s s  pure 
a rc  -melte d tung s t  en. r; 
I 
'e t  1) 
I 
I 
I 
6.4 
I 
6.8 
Inverse absolute temperature, "K-l 
L I  I I I I I I I 
2800 2600 2400 2m m 
Figure 2. - Temperature dependence of strain-induced boundary 
migration rates of electron-beam- and arc-melted tungsten. 
Temperature, "F 
The temperature dependency of G 
may be expressed by 
G = Goe - Q/RT ( 4 )  
Values f o r  the  a c t i v a t i o n  energy Q 
were calculated by a least-squares  
ana lys i s  and a re  76 000+15 400 f o r  
EB-100 and 86 200+6 000 ca lo r i e s  per 
gram-mole f o r  EB-43. These values l i e  
wel l  within the  range of a c t i v a t i o n  
energies estimated f o r  t he  gra in  bound- 
a ry  se l f -d i f fus ion  of tungsten, 61 000 
t o  1 0 7  000 ca lo r i e s  per gram-mole. The 
l a t t e r  values were estimated based on 
0.4 t o  0 . 7  of the  a c t i v a t i o n  energy f o r  
volume se l f -d i f fus ion  ( r e f s .  1 2  and 13) 
of tungsten, which has recent ly  been 
determined as 153 100 ca lo r i e s  per 
gram-mole ( r e f .  14) .  The a c t i v a t i o n  
energies f o r  r e c r y s t a l l i z a t i o n  of EB- 
melted tungsten a r e  s i g n i f i c a n t l y  lower 
than the  values of 104 500 and 100 000 
ca lo r i e s  per gram-mole observed for 
arc-melted and powder-metallurgy tungsten, respect ively ( r e f s .  1 and 15), possi-  
b l y  r e f l e c t i n g  the  higher p u r i t y  of EB-melted tungsten. 
Grain Growth Behavior 
The gra in  growth behavior of the  three  l o t s  was s tudied by annealing worked 
specimens from each l o t  f o r  1 hour a t  temperatures ranging from 2500O t o  42000 F. 
The average gra in  diameters a f t e r  annealing are  given i n  t a b l e  V. 
To f a c i l i t a t e  comparison of t he  behaviors of t he  various l o t s ,  it w a s  as- 
sumed t h a t  grain growth w a s  i d e a l  and not impeded by p r e c i p i t a t e s  or i n t e r n a l  
voids. Grain growth under these  conditions may be expressed as ( r e f .  1 6 ) :  
2 L2 - Lo = K t  (5)  
This r e l a t i o n  w a s  used t o  ca lcu la te  values of K f o r  each annealing treatment 
by assuming Lo equal t o  t h e  j u s t - r e c r y s t a l l i z e d  gra in  diameter measured during 
t h e  r e c r y s t a l l i z a t i o n  s tudies .  Values f o r  K and Lo are  included i n  t a b l e  V I ,  
and a p lo t  of log  K against  inverse  temperature i s  shown i n  f igu re  3. 
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TABLF V. - GRAIN GROWTH BEHAVIOR O F  ELFCTRON-BEAM-MELTED TUNGSTEN 
85 
Material 
geometry 
1 
I 
0.36-inch rod 
0.045-inch sheet 
3.36-inch rod 
I n i t i a l  
aver age 
g r a i n  
diameter; 
em 
~ 
0.0229 
0.0176 
0.00424 
- 
__ 
0.0220 
__ 
ReductionJ! percent  h q a l y  condi t ion  
Time, Temper 
a t  we, 
Lot EB-43 
46 
59 
4.5 
1 
1 
I 
1 
Lot EB-87 
Lot EB-100 
83 
3000 
3100 
3300 
3400 
3500 
3700 
4000 
4000 
3100 
3300 
3500 
3600 
3800 
4000 
3000 
3500 
3800 
4000 
4200 
2500 
2500 
2 600 
2800 
3000 
3200 
3400 
3600 
3 600 
3600 
Average 
g r a i n  
diameter, 
em 
L, 
0.0280 
.0294 
.0370 
.0485 
.0738 
.128 . 1.27 
.420 
0.0252 
.0321 
.142 
.0644 
.246 
.321 
0.00991 
.0338 
.0713 
.118 
.lo4 
0.0263 
.0363 
.0317 
.0321 
.0430 
.0731 
.0862 
.185 
.215 
.349 
Grain 
growth 
rate, 
KJ 
cm2/sec 
0 . 0 1 6 ~ 1 0 - ~  
.0944 
.235 
.508 
1.37 
4.41 
4.33 
48.9 
0 . 0 9 0 3 ~ 1 0 - ~  
.200 
5.52 
1.07 
16.7 
28.5 
0 . 0 2 2 3 ~ 1 0 ’ ~  
.312 
1 . 4 1  
3.86 
3.00 
0,057 5x10- 
.232 
.145 
.152 
.379 
1.35 
1 .93  
9.35 
12.7 
33.7 
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I 
Average 
g r a i n  
diameter ,  
TABLE V I .  - LOW-TEMPERATURE TENSILE PROPERTIES O F  ELECTRON-BEAM-MELTED TUNGSTEN 
Tes t  0 .2  Percent 
OF s t r e n g t h ,  
temper- o f f s e t  
a t u r e ,  y i e l d  
P s i  
I I 
Ultimate  
t e n s i l e  
s t r eng th ,  
UTS , 
P s i  
Elonga- Reduction 
t i o n ,  i n  a rea ,  
pe rcen t  pe rcen t  
Annealing 
cond i t ion  
Time, Temper- 
a t u r e ,  
I I ~' 
L o t  EEL43 
5 10 
550 
615 
7 3  900 
73 000 
67 200 
~ 
82 100 
80 200 
71 500 
A s  swaged (46 pe rcen t )  
A s  swaged (59 p e r c e n t )  
1 . 2  
53.5 
64.7 
2.0 
18.9 
16.6 
405 
470 
5 00 
5 90 
700 
86 000 
81 700 
77 800 
74 400 
72 500 
101 200 
92 700 
86 700 
80 000 
74 400 
2 .3  
13.1 
15.6 
16 .8  ---- 
3.0 
44.8 
55.5 
70.3 
79.5 
b1900 
b2100 
b2300 
b2500 
415 
470 
600 
400 
445 
5 00 
460 
485 
510 
475 
500 
550 
89 400 
76 600 
71 800 
101 700 
87 000 
76 600 
1.9 
18.6 
10.9 
0.8 
54.8 
66.4 
0.17 
1 
86 300 
80 200 
72 600 
97 600 
91 600 
82 800 
1.3 
2.9 
21.9 
0 
2.7 
56.8 
------ 
55 700 
73 100 
30 700 
41 100 
25 400 
78 500 
74 600 
83 000 
46 200 
66 100 
56 000 
~~ ~ 
4.4 
12.4 
16 .5  
2 . 4  
9 .9  
48.6 
3.1 
17 .5  
31.1 
1 . 5  
35.2 
48.4 
0.0139 
'2500 0.0232 13 900 
11 800 
8 820 
16 500 
5 1  700 
47 900 
48 400 
45 200 
37.8 
22.7 
24.8 
38.5 
4.5 c3000 0.0280 d18 400 
d17 500 
d17 600 
830 
d16 300 
44 600 
47 800 
47 900 
45 700 
48 200 
9.4 
40.2 
41.2 
42.1 
39.4 
8 .5  
61.5 
53.5 
62.7 
43.5 
1 '3400 
c3700 
0.0485 
0.128 
605 
665 
750 
495 
590 
7 00 
11 100 
8 000 
6 820 
47 300 
44 800 
42 100 
28.2 
38.2 
48.6 
20.2 
42.0 
58.9 
23 900 
d15 700 
9 540 
5 1  500 
45 400 
38 300 
23.1 
42.7 
27.4 
36.6 
54.0 
67.8 
c4000 0.127 315 
5 00 
555 
49 100 
28 400 
1 4  600 
84 500 
52 700 
36 400 
3.6 
2.0 
21.6 
8.8 
3 .6  
100.0 
Lot EB-100 
A s  swaged (83  pe rcen t )  
1 
aWorked mic ros t ruc tu re .  
86 600 
74 200 
64 500 
67 600 
7 910 
7 060 
805 13 700 
74 600 
63.9 
bSwaged to 59 pe rcen t  r educ t ion .  
CSwaged t o  46 pe rcen t  r educ t ion .  
dSpecimen exh ib i t ed  y i e l d  p o i n t  drop; lower y i e l d  p o i n t  r epor t ed .  
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6. 3. 6 4.0 4 4  4. 8 4 x W 4  
l ! l l l  
Activation energy _ _  
Q 
callg-mol 
* 96900il8000 
u 1  
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I l l /  
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Figure 3. - Grain g r w t h  rates of electron-beam-melted tungsten. 
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A l l  of t h e  l o t s  of EB-melted tungsten showed higher r a t e s  of g ra in  growth 
than the  arc-melted tungsten s tudied  i n  reference 1. The micrographs of 
EB-melted tungsten ( l o t  EB-100) a f t e r  high-temperature annealing, shown i n  f i g -  
ure 1 (p. ll), i nd ica t e  no observable tendency towards discontinuous g ra in  
growth, which i f  present  would suggest t h e  presence of inso luble  impuri t ies .  
The ac t iva t ion  energies  corresponding t o  t h e  slopes of t he  l i n e s  i n  f i g -  
ure 3 a re  seen t o  range from 78 800+7 600 t o  114 000*11 200 ca lo r i e s  per  
gram-mole. Although t h e  l a t t e r  of these  values i s  s l i g h t l y  above the  est imated 
upper l i m i t  f o r  t h e  ac t iva t ion  energy f o r  g ra in  boundary diffusion,  t h i s  pro- 
cess  i s  considered t o  be t h e  rate-determining r eac t ion  during gra in  growth. 
Duc t i l e -Br i t t l e  Tensi le  Trans i t ion  Behavior 
Tensi le  proper t ies  of l o t s  EB-43 and EB-100 were measured a t  temperatures 
ranging from 3150 t o  8100 F i n  order t o  def ine t h e  d u c t i l e - b r i t t l e  t e n s i l e  t r an -  
s i t i o n  temperature a f t e r  var ious annealing treatments.  D a t a  f o r  these  t e s t s  
a r e  given i n  t a b l e  V I  and a re  summarized i n  t a b l e  V I I .  
of reduction i n  a rea  aga ins t  t e s t  temperature f o r  mater ia l  from l o t  EB-43 a f t e r  
various annealing treatments.  
Figure 4 shows a p l o t  
The da ta  i n  t a b l e  VI1 show t h a t  tungsten from l o t  EB-43 follows t h e  usual  
pa t t e rn  of decreasing t r a n s i t i o n  temperature with increasing p r i o r  work. 
r i a l s  with 46 and 59 percent p r i o r  work had as swaged t r a n s i t i o n  temperatures 
of 5300 and 4600 F, respect ively.  
1900° t o  25000 F a f fec t ed  t h e  t r a n s i t i o n  temperature of t h e  59 percent swaged 
mater ia l s  from l o t  EB-43 only s l igh t ly .  
Mate- 
S t r e s s - r e l i e f  annealing f o r  10 minutes a t  
The r e c r y s t a l l i z e d  mater ia l s  d id  not follow t h e  expected pa t t e rn  of in -  
creasing t r a n s i t i o n  temperature with increasing gra in  s ize .  Ins tead  the  da t a  
ind ica t e  t h a t  t h e  highest  t r a n s i t i o n  temperatures a re  associated with t h e  f ine -  
grained j u s t - r e c r y s t a l l i z e d  mater ia ls ,  and annealing a t  higher temperatures sub- 
s t a n t i a l l y  reduces t h e  t r a n s i t i o n  temperature. The 46 percent swaged mater ia l  
from l o t  EB-43 ac tua l ly  showed lower t r a n s i t i o n  temperatures a f t e r  annealing a t  
37000 and 40000 F (5100 and 5 2 5 O  F, respec t ive ly)  than i n  the  as swaged condi- 
t i o n  (530° F ) .  These large-grained specimens exhibi ted a chisel- type f r ac tu re .  
I n  contrast ,  annealing f o r  1 hour a t  2500° F t o  a f ine-grained r e c r y s t a l l i z e d  
s t ruc tu re  r a i sed  t h e  t r a n s i t i o n  temperatures f o r  mater ia l s  from l o t s  EB-43 and 
EB-100 t o  740O and 755O F, respect ively.  
The t e n s i l e  t r a n s i t i o n  temperatures f o r  t h e  EB-melted mater ia l s  a r e  compar- 
able  t o  those obtained f o r  arc-melted mater ia l s  i n  a previous study ( r e f .  1). 
Duc t i l e -Br i t t l e  Bend Trans i t ion  Behavior 
Bend t r a n s i t i o n  temperatures were determined on 4 0 - m i l  sheet from EB-87 
tungsten and one l o t  of arc-melted tungsten. The arc-melted tungsten, l o t  A-73, 
w a s  consolidated from t h e  same l o t  of commercially prepared e lec t rodes  as l o t  
EB-87. Both were f ab r i ca t ed  s imi l a r ly  so t h a t  any d i f fe rences  i n  bend 
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TABLE VII. - TENSILE TRANSITION TENPERA'IUFZS 
1 
Lot 
EB- 43 
EB- 1oc 
2500 
FOR ELECTRON-BEAM-MELTED TUNGSTEN 
Annealing 
condi t ion 
Time, Temper- 
a ture ,  
Ls swaged (46 percent )  
IS swaged (59 percent )  
0.17 
1 
1 
4.5 
1 
1 
1 
e1900 
c2100 
2 300 
'2500 
'2500 
'3400 
a3700 
a3000 
a4000 
Average 
g r a i n  
diameter, 
L, 
cm 
(b) 
(b 1 
(b) 
(b 1 
(b) 
0.0139 
.0232 
.0280 
.0485 
,128 
.127 
(b) 
~ 
0.0263 
Ducti le-  
b r i t t l e  
t r a n s i t i o n  
temperature, 
OF 
530 
460 
445 
480 
485 
505 
740 
630 
6 60 
510 
525 
490 
755 
~~ 
%hat temperature where reduct ion  i n  a r e a  i s  40 per- 
cent, which i s  approximately one-half  i t s  m a x i m u m  
value. 
bWorked microstructure .  
CSwaged t o  59 percent  reduct ion.  
%aged t o  46 percent  reduct ion.  
Temperature, "F 
Figure 4. - Low-temperature tensile ductility of electron-beam-melted tungsten after various 
annealing treatments (lot EB-43). 
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TABLF VIII. - BEND TRANSITION TEMPERATURES FOR 
ELECTRON-BEAM- AND ARC-MELTED TUNGSTEN 
1 
Lot 
FB-87 
A-73 
1900 
2000 
2100 
2200 
3000 
3500 
3800 
4000 
4200 
As rolled 
1 2000 
2200 
2400 
2 600 
3000 
3500 
4000 
4200 
moo 
3800 
Average 
grain 
li meter 
LJ 
cm 
(a )  
(a) 
(a) 
(a) 
0.00424 
.00991 
.0338 
.0713 
.118 
.lo4 
(a) 
1 
0.00236 
.00268 
.00455 
.00764 
.0157 
.0327 
Sheet 
hickne s s  
mils 
40 
40 
1 
40 
Bend 
radius to 
thickness 
ratio 
4 
4 
Bend 
transition 
;emperatwe, 
OF 
285 
350 
550 
525 
525 
655 
7 50 
705 
695 
6 3@ 
200 
< 250 
2 50 
325 
400 
500 
690 
655 
6 60 
6 60 
580 
aWorked microstructure. 
t r a n s i t i o n  behavior could be r e l a t e d  t o  the  differences between t h e  two melting 
processes. Bend t r a n s i t i o n  da ta  f o r  both of t hese  ma te r i a l s  af ter  various an- 
nealing treatments a r e  presented i n  t a b l e  V I I I .  The bend t r a n s i t i o n  tempera- 
t u r e s  of l o t s  EB-87 and A-73 a r e  p l o t t e d  as a funct ion of annealing temperature 
i n  f i g u r e  5, which a l s o  includes data on powder-metallurgy tungsten ( r e f .  17 )  
f o r  comparison. 
It i s  seen from t h e  da t a  i n  t a b l e  V I 1 1  t h a t  t h e  bend t r a n s i t i o n  tempera- 
t u r e s  f o r  as r o l l e d  EB-melted tungsten ( l o t  EB-43) i s  285O F, while t h a t  f o r  t h e  
arc-melted material w a s  s l i g h t l y  lower, ZOOo F. Annealing EB-melted tungsten a t  
1900° F increased t h e  t r a n s i t i o n  temperature s l i g h t l y .  Rec rys t a l l i za t ion  w a s  
evident a f te r  annealing f o r  1 hour a t  2000° t o  22000 F and w a s  accompanied by an 
increase i n  t h e  t r a n s i t i o n  temperature as high as 5250 t o  5500 F. Annealing a t  
higher temperatures, 3000° t o  3500° F, f u r t h e r  increased the t r a n s i t i o n  tempera- 
tures to about 700° F. 
Comparison of t h e  bend t r a n s i t i o n  temperatures f o r  sheet from l o t s  EB-87 
and A-73, shown i n  f i g u r e  5, shows that  a f t e r  annealing f o r  1 hour a t  19000 t o  
2200° F, t h e  EB-melted material has a s i g n i f i c a n t l y  higher  t r a n s i t i o n  tempera- 
t u r e  than t h e  arc-melted tungsten. This i s  a t t r i b u t e d  t o  t h e  lower r e c r y s t a l -  
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I I I I 1 1 - 1  I I I 
rolled Annealing temperature, "F 
Figure 5. - Bend transition temperature of electron-beam-melted, arc-melted, and pwder-metallurgy tungsten 
after annealing for 1 hour at various temperatures. 
l i z a t i o n  temperature. After  annealing a t  higher temperatures, 3000° t o  4 0 0 O O  F, 
the  EB-melted mater ia l  s t i l l  exh ib i t s  a bend t r a n s i t i o n  temperature about 500 F 
higher than t h a t  of the  arc-melted material .  The decreasing r a t i o  of specimen 
thickness t o  gra in  s i ze  apparently i s  responsible f o r  t he  decrease i n  t rans i -  
t i o n  temperature a f t e r  annealing a t  3800° t o  4200° F. The gra in  s i ze  of t he  
EB-melted mater ia l  approximates the  specimen thickness  a f t e r  these  annealing 
treatments. 
I n  comparison, powder-metallurgy tungsten exh ib i t s  a s l i g h t l y  lower t ran-  
s i t i o n  temperature as r o l l e d  than the  EB-melted tungsten. 
nealing at 2370° and 2550° F, the  t r a n s i t i o n  temperature f o r  t he  powder- 
metallurgy mater ia l  i s  higher than t h a t  of e i t h e r  the  EB-melted o r  the  arc- 
melted mater ia ls .  
However, a f t e r  an- 
High-Temperature Tensi le  Proper t ies  
Tensile proper t ies  of the  three  l o t s  of EB-melted tungsten a re  presented 
i n  t ab le  IX.  
t e s t e d  i n  sheet form f o r  comparison with EB-87 a re  a l so  included i n  t h i s  tab le .  
The high-temperature ul t imate  t e n s i l e  s t rengths  of two lots of annealed 
EB-melted tungsten t e s t e d  i n  rod form a re  compared i n  f igu re  6 with arc-melted 
tungsten ( r e f .  1) t e s t e d  s imilar ly .  
Tensile proper t ies  of one l o t  of arc-melted tungsten (A-73)  
It i s  seen from f igu re  6 t h a t  t he  s t rengths  of t he  EB-melted tungsten a re  
subs tan t ia l ly  lower a t  high temperatures than t h a t  of arc-melted tungsten. 
average s t rength  of EB-melted tungsten over t he  temperature range 2500' 
The 
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TABLE I X .  - TENSILE PROPERTIES OF ELECTRON-BEAM-MELTED AND 
ARC-MELTED TLTNGSTEN AT 2500’ TO 4000’ F 
Annealing 
temper- condi t ion  
a ture ,  Test I 
KF Time, Temper- 
h r  a ture ,  
OF 
0.2 Percent  Ultimate Elonga- Reduction S t ra in-  Average 
off s e t  t e n s i l e  t ion ,  i n  area, hardening g r a i n  
y i e l d  s t rength,  percent  percent  coeff i- diameter, 
c ien t ,  L, s t rength,  UTS, 
p s i  p s i  x, cm 
ps i2  
2 500 
3000 
3500 
1 3600 5 580 16 200 59.4 >95 6. 5x108 0.0644 
1 3600 3 750 10 300 75.2 >95 3.1 .0992 
1 3600 9 60 6 210 66.7 >95 1.3 .127 
I 3000 I As swaged I 2 550 
2500 A s  swaged 1 5 240 1 16 750 1 54.6 I >95 ---- 0.0304 
1 3500 1 :” r a g e d  1 :l: 
4000 A s  swaged 7 90 
3600 
1 2500 
1 3600 
5 050 
2 160 
1; I :;:; 1 Ef 1 7.7~10~ 1 0.0262 1 
4. 7x1O8 aO. 185 
6 220 I 55.9 1. 6x1O8 0.12 9 
17 100 
12 850 
61.2 >95 12x108 0.0166 
30.5 >95 8.4 .188 
3 875 I 65.8 I >95 I O.98x1O8I 0.225 I 
1 
Lot EB-87 ( shee t ,  EB melted) I I 
3600 1 570 
5 870 
aEstimated g r a i n  s i ze .  
brought . 
35.6 >95 I 2.2~10~ I 0.183 
47 400 
2500 I As r o l l e d  
I 1 I 3600 
3000 As r o l l e d  
3500 A s  r o l l e d  
22 000 
4 540 18 500 I 65.2 I --- I ---- I (b) 
4 060 18 300 72.7 --- 16x108 0.00566 
3 910 13 100 80.6 --- 7.1~10~ 0.00653 
3 780 10 300 61.0 --- 4. 5x108 0.00863 
8 960 
8.4 
49.9 
65.0 
I I 
2.5X108 I 0.0165 I 
I 
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I I I I I I I I  ---- Arc-melted tungsten annealed 
for I hr at 2800" F (ref. 1) 
- 0 EB-43 (7 melts) 
Temperature, "F 
Figure 6. - Ultimate tensile strength of electron-beam-melted tungsten (annealed 
at 3600" F) and arc-melted tungsten (annealed at 2800" F) at 2500" to 4140; F. 
I I I l l l l  I I I 1 , 1 1 1 1  
Open symbols denote electron-beam-melted tungsten 
Solid symbols denote arc-melted tungsten (ref. 1) 
~ 
OOO 
ooo 
OOO 
ooo 
OOO 
OOO 
.04 .06 .08 . 1  .2 
Average grain diameter, L, cm 
Figure 7. - Effect of grain size on ultimate tensile strength of electron-beam- 
.@I2 .004 .006.008.01 .02 
and arc-melted tungsten at 2500" to 3MO" F. 
'0 
t o  4000° F i s  about 60 percent of t h e  s t r eng th  of t h e  arc-melted tungsten. Ex- 
amination of t h e  da t a  i n  table I X  suggests t h a t  a c o r r e l a t i o n  can be drawn be- 
tween the s t r eng ths  of t h e  various l o t s  of EB-melted tungsten and t h e i r  micro- 
s t ruc tu res .  Those l o t s  wi th  a l a r g e  g ra in  s i z e  (as measured i n  t h e  specimen 
shoulder a f te r  t e s t i n g )  were weaker than t h e  l o t s  t h a t  were not as l a r g e  grained, 
This t r e n d  has a l s o  been documented r ecen t ly  ( ref .  1) for arc-melted tungsten. 
The co r re l a t ion  between ul t imate  t e n s i l e  s t r eng th  and g ra in  s i z e  i s  shown i n  
f i g u r e  7. 
grain-s ize  dependencies of t h e  two types of materials appear t o  be s i m i l a r  and 
do not appear t o  vary with temperature over t h e  range 2500° t o  3500° F. 
r e l a t i o n  may be expressed by t h e  general  r e l a t i o n  
Also included a r e  da t a  f o r  arc-melted tungsten from reference 1. The 
This 
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where c i s  a constant determined t o  be -0.12. 
It i s  a l s o  apparent from f igu re  7 t h a t  the  ul t imate  s t rengths  of t he  
EB-melted mater ia ls  were only about 85 percent as high as t h e  ult imate s t rength  
of arc-melted tungsten a t  t h e  same g r a i n  s izes .  It i s  bel ieved t h a t  t h i s  d i f -  
ference r e f l e c t s  t he  d i f fe rences  i n  p u r i t y  between the  two types of mater ia ls .  
Considerable s c a t t e r  w a s  observed i n  the  y i e l d  s t rength  da ta  f o r  EB-melted 
tungsten, and these  d a t a  could not be f i t t e d  t o  a s t r a igh t - l i ne  r e l a t i o n  with 
gra in  s ize .  The y i e l d  s t rengths  were considerably below those reported f o r  arc- 
melted tungsten i n  reference 1. 
Approximate t r u e - s t r e s s  - t r u e - s t r a i n  curves were constructed from the  ten- 
s i l e  curves f o r  t he  r e c r y s t a l l i z e d  mater ia ls  t o  obtain the  parabolic s t r a in -  
hardening coe f f i c i en t s  ( r e f s .  18 and 1 9 )  from the  r e l a t i o n  
2 
( a  - oo) 
x =  
E ( 7 )  
Representative t r u e - s t r e s s  - t r u e - s t r a i n  curves a t  a crosshead speed of 
0.05 inch per minute a re  shown i n  f igu re  8, and parabolic p l o t s  of t he  same 
curves a re  shown i n  f igu re  9. The da ta  a t  30000 F give a good f i t  t o  the  para- 
b o l i c  re la t ion ,  while the  2500° and 3500° F data show minor deviations.  
The strain-hardening c o e f f i c i e n t s  decreased with increasing temperature, 
as expected, and a l s o  decreased with increasing gra in  size,  as i l l u s t r a t e d  i n  
f igure  10. I n  comparison with previous da ta  on the  strain-hardening 
03 
0 4 r  
True strain, 6 
S .a I .28 
Figure 8. - Effect of temperature on tensile flow curves of electron-beam-melted 
tungsten at Wxl" to 3500" F (lot EB-43, annealed for 1 hr at 3600" n. 
2 3  
.1 . 2  . 3  .4 .5 
Square root of t rue  strain, $2 
3 g u r e  9. - Parabolic plot of tensile flow curves 
for electron-beam-melted tungsten at 2500" 
to 3500" F (lot EB-43. annealed for 1 hr at 
3600" F). 
Average grain diameter, L, cm 
Ter srature, 
0 
L 100 
Figure 10. - Effect of grain size on strain-hardening coefficient of electron-beam-melted 
tungsten at 2500" to 3500" F. 
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I 
Steady 
creep 
r a t e ,  
e, 
sec-1 
Average 
g r a i n  
diameter, 
L, 
cm 
~~ 
1 3600 3500 2130 0.877~10-~ 
4760 12.9~10-~ 
0.373~10-~ ---- 
80.0~10-~ 0.42 
TABLE X. - CREEP DATA FOR ELECTRON-BEAM-MELTED TUNGSTEN 
;ress, 
s, 
p s i  
Transient  
creep con- 
s tan t ,  
sec-1/3 
P, 
a ture ,  
hr I at:e' I 
Lot EB-100 
0.5 
~ 
3000 2500 4660 
5760 
68 70 
0.438~10-~ 
1.13 
1.71 
0.038 
0.088 3000 4010 
48 60 
As swaged 
3500 2 430 
2820 
3185 
3675 
4165 
~ 
0.223 
0.675~10~~ 
!I. 0 
0.808~10-~ 
9.81 
1 2250 
2 500 
2750 
2750 
2875 
3000 
3125 
3250 
3525 
3630 
3355 
3495 
6200 
4220 
3200 
0.786~10~' 
2.56 
4.48 
3600 
0.203 
0.176 
5.43~10~~ 
0.181 1.81 1.65 
5.51 
aAbnonnal behavior.  
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Figure 11. - Constant-load creep curves for electron-beam-melted tungsten at 3500" F. 
coe f f i cen t s  f o r  arc-melted tungsten ( r e f .  l), t h e  coe f f i cen t s  f o r  EB-melted 
tungsten are only about 70  percent as l a r g e  when compared a t  t h e  same tempera- 
t u r e s  and g ra in  s i zes .  This difference i n  flow s t r eng th  f u r t h e r  r e f l e c t s . t h e  
difference i n  p u r i t y  between t h e  two materials. 
High-Temperature Creep-Rupture P rope r t i e s  
Constant-load creep-rupture t es t s  were conducted on l o t  EB-43 a t  3500° F 
and step-load creep t e s t s  were conducted on l o t  EB-100 a t  2 2 5 0 0  t o  3630° F. 
Data from these t e s t s  a r e  summarized i n  t a b l e  X. Representative constant-load 
creep curves f o r  l o t  EB-43 a t  3500° F a r e  shown i n  f i g u r e  11. 
The creep of tungsten a t  t h i s  temperature may be represented by periods of 
t r a n s i e n t  or primary creep, during which t h e  creep rate decreases; steady or 
secondary creep, during which t h e  creep ra te  i s  e s s e n t i a l l y  constant; and t e r t i -  
a r y  creep, character ized by an increasing creep r a t e  terminat ing i n  f r ac tu re .  
A t  2750' F and lower and a t  s t r e s s e s  of 4220 t o  6870 pounds pe r  square inch, 
only t r a n s i e n t  creep w a s  observed p r i o r  t o  t e r t i a r y  creep; while a t  2875' F and 
higher, both t r a n s i e n t  and steady creep were observed. 
It was shown e a r l i e r  ( r e f .  1) t h a t  the steady creep rates of arc-melted 
tungsten could be co r re l a t ed  with s t r e s s  and g r a i n  s i z e  by a r e l a t i o n  of t h e  
form o r i g i n a l l y  suggested by Sherby ( r e f .  20) :  
& = kSaLb (8)  
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Figure 12. - Steady creep rate plotted against stress for electron-beam-melted tungsten. 
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Figure 13. - Grain-size dependency of stress for steady creep rate of per second. 
The average values determined f o r  arc-melted tungsten f o r  t h e  exponential  stress 
f a c t o r  a and t h e  exponential  grain-s ize  f a c t o r  b were 5.8 and 0.43, respec- 
t ive ly . 
Figure 1 2  shows a p l o t  of t h e  steady creep r a t e s  a t  3000° and 3500° F f o r  
EB-mel ted  tungsten aga ins t  s t r e s s .  The s t r e s s  dependency f o r  l i n e a r  creep of 
EB-melted tungsten i s  ca l cu la t ed  from t h i s  p l o t  as 6.7, higher than the 5.8 ob- 
served f o r  arc-melted tungsten.  
Figure 13 shows t h e  s t ress  t o  give a creep ra te  of second'l p l o t t e d  
against  g ra in  s i z e  f o r  both EB- and arc-melted tungsten. 
arc-melted tungsten are more extensive, a stress dependency f a c t o r  of 5.8 w a s  
used i n  ca l cu la t ing  the stress values f o r  t h i s  p lo t .  It i s  seen t h a t  the 
Since t h e  data f o r  
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Figure 14 - Steady creep rate as function of stress, normalized to grain size of 0.04centimeter. 
gra in-s ize  f a c t o r  of 0 .43 determined f o r  arc-melted tungsten a l s o  f i t s  t h e  da t a  
f o r  EB-melted tungsten moderately wel l  and t h a t  t h e  creep r a t e s  f o r  both mate- 
r i a l s  a re  similar when compared a t  s i m i l a r  g r a in  s izes .  
The creep s t r eng th  i s  seen from f igu re  13 t o  be proport ional  t o  t h e  -0.074 
power of gra in  s ize ,  as ca lcu la ted  from equation (8) .  
than t h e  f a c t o r  of -0.12 observed f o r  t h e  dependency of t h e  short-time ul t imate  
s t rength  on g ra in  s i z e  (shown i n  f i g .  7, p. 22), r e f l e c t i n g  the  probabi l i ty  t h a t  
t he re  i s  a change or modification i n  the  r a t e -con t ro l l i ng  react ion.  
s t rength  a t  e leva ted  temperatures i s  considered t o  be determined from competi- 
t i o n  between s t ra in-hardening and recovery reac t ions .  During t e n s i l e  t e s t ing ,  
where t h e  t o t a l  t i m e  i s  short ,  s t r a i n  hardening may exe r t  t he  predominant i n f lu -  
ence on s t rength.  During creep t e s t ing ,  however, t h e  t e s t  times a re  consider- 
ably longer and recovery reac t ions  are considered rate control l ing.  The mecha- 
nisms by which decreasing g ra in  s i z e  i s  postulated t o  increase s t rength  a re  in-  
creasing the  complexity of s l i p  ( r e f .  2 1 )  and/or increasing the  d i s loca t ion  den- 
s i t y  ( r e f .  2 2 ) .  Sir,ce these  a re  both assoc ia ted  with strain-hardening r a t h e r  
than recovery, t h e  decrease i n  grain-s ize  dependence during creep may r e f l e c t  
t h e  increasing importance of recovery a s  t he  ra te -cont ro l l ing  reac t ion  a t  low 
s t r a i n  r a t e s .  
This i s  measurably l e s s  
The 
The steady creep r a t e  da t a  a t  3000° and 3500°F f o r  323- and arc-melted 
tungsten a re  p l o t t e d  aga ins t  s t r e s s  i n  f i gu re  1 4  a f t e r  normalizing t o  a gra in  
s i z e  of 0.04. 
f a c t o r  (0.04/L)0.43 t o  e l iminate  va r i a t ions  i n  t h e  creep r a t e  due t o  va r i a t ions  
i n  g ra in  s ize .  On t h i s  bas i s ,  t h e  creep behavior of EB- and arc-melted tungsten 
The r a t e s  were normalized by multiplying each creep r a t e  by t h e  
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Figure 15. - Temperature dependence of steady creep constant. Activation energy, 
141 mi4 OOo calories per gram mol. 
a r e  seen t o  be very s i m i l a r  and can be f a i r l y  wel l  r e l a t e d  using a common s t r e s s  
dependency f a c t o r  of 5.8. 
The temperature dependency of t he  steady creep constant k, from equa- 
t i o n  ( 8 ) ,  i s  shown i n  f igu re  15. A t  temperatures above about 3300O F, the  tem- 
perature  dependency corresponds t o  an a c t i v a t i o n  energy of 1 4 1  OOOk4 000 cal-  
o r i e s  per gram mole, s l i g h t l y  l e s s  than the  160 000 ca lo r i e s  per gram mole ob- 
served by Green ( r e f .  23).  Below about 33000 F, the  temperature dependency i s  
seen t o  decrease. 
The a c t i v a t i o n  energy of 1 4 1  000 ca lo r i e s  per gram mole i s  close t o  t h a t  
f o r  se l f -d i f fus ion  i n  tungsten, 153 100 ca lo r i e s  per gram mole (ref. 14), sug- 
gest ing t h a t  recovery of s t r a i n  hardening by d is loca t ion  climb i s  the  r a t e -  
cont ro l l ing  mechanism about 3300° F. The s ignif icance of t he  decrease i n  a c t i -  
vat ion energy below 3300O F i s  not e n t i r e l y  c lear .  However, a s i m i l a r  decrease 
i n  t he  temperature dependency of the  steady creep r a t e  of copper i n  the  v i c i n i t y  
of 0.65  Tm has recent ly  been observed by B a r r e t t  and Sherby ( r e f .  24). 
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Figure 16. - Transient creep constant as function of stress. 
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Figure 17. - Temperature dependency of transient creep rate for large- 
grained electron-beam-melted tungsten. Grain size, 0.092 to 0.42 
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These authors suggest t h a t  enhanced se l f -d i f fus ion  along d i s loca t ion  pipes may 
increase the  r a t e  of d i s loca t ion  climb i n  t h i s  temperature range, r e s u l t i n g  i n  
an increased creep r a t e  and nonl inear i ty  of t h e  Arrhenius p lo t .  
The t r a n s i e n t  or primary creep behavior w a s  a l s o  s tudied a t  2250° t o  
3500° F i n  order t o  more completely charac te r ize  the  high-temperature creep be- 
havior of EB-melted tungsten and t o  extend t h e  comparison between EB- and arc-  
melted tungsten.  
mens could be c o r r e l a t d  according t o  t h e  f ami l i a r  Andrade r e l a t i o n  
The t r a n s i e n t  port ions of t h e  creep curves for annealed speci-  
e = p t  1/3 ( 9 )  
Experimentally determined values f o r  t he  t r a n s i e n t  creep constant a r e  included 
i n  t a b l e  X (p. 25).  
Figure 16 shows t h e  s t r e s s  dependency of t h e  t r a n s i e n t  creep constant.  
D a t a  f o r  mater ia l s  of s i m i l a r  g ra in  s i ze  were se l ec t ed  a t  each temperature f o r  
t h i s  p l o t  i n  order t o  minimize any e f f e c t  of g ra in  s i ze  on the  s t r e s s  depend- 
ency. These da ta  ind ica t e  t h a t  t he  t r a n s i e n t  creep constant va r i e s  as t h e  
3.4 power of s t r e s s  over t he  temperature range 2500O t o  35000 F. 
The t r a n s i e n t  creep constant tended t o  increase with increasing g ra in  s ize ,  
as w a s  a l s o  noted e a r l i e r  f o r  t he  steady creep r a t e .  However, no gra in-s ize  
dependency w a s  ca lcu la ted  because of t he  s m a l l  amount of da ta  on t h e  t r a n s i e n t  
creep constant at d i f f e r e n t  gra in  s izes .  
The temperature dependency of t h e  t r a n s i e n t  creep r a t e s  f o r  large-grained 
EB-melted tungsten i s  shown i n  f igu re  17 .  The da ta  over t he  e n t i r e  temperature 
range studied, 2250° t o  3500° F, a r e  r e l a t e d  by an ac t iva t ion  energy of 
106 000+3 300 ca lo r i e s  per  gram mole with no apparent i n f l e c t i o n s  i n  t h e  curve. 
Although the  l i n e a r i t y  of t he  p l o t  suggests a s ing le  ra te -cont ro l l ing  mechanism, 
t h e  mechanism i t s e l f  cannot ye t  be described. 
Considering the  temperature dependencies f o r  t r a n s i e n t  creep and steady 
creep of tungsten, t h e  creep behavior of tungsten i n  t h e  range 2250° (0 .41  T,) 
t o  40000 F (0.67 T,) may be summarized as follows. It appears t ha t ,  a t  l e a s t  
over t he  temperature range 2250° t o  3500° F, creep i n i t i a l l y  follows the  cubic 
r a t e  l a w  and i s  cont ro l led  by a s ingle ,  undefined mechanism. A t  temperatures 
of 2875O F (0.50 Tm) and higher, t h e  magnitude of ac t iva t ion  energy suggests 
t h a t  t h e  strain-hardened s t ruc tu re  may be recovered by d i s loca t ion  climb. 
a t  longer t imes i n  t h i s  temperature range, complete recovery i s  possible  and 
steady creep i s  observed a f t e r  t h e  i n i t i a l  per iod of t r a n s i e n t  (cubic)  creep. 
A t  22500 t o  27500 F, however, recovery by d i s loca t ion  climb i s  so slow t h a t  only 
t r a n s i e n t  creep i s  observed before  t e r t i a r y  creep. 
Thus, 
CONCLUSIONS 
A study has been conducted on the  proper t ies  of tungsten consolidated by 
electron-beam-melting, including pu r i ty  as a func t ion  of number of melts, r e -  
c r y s t a l l i z a t i o n  and g ra in  growth behavior, low-temperature d u c t i l i t y ,  and 
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high-temperature t e n s i l e  and creep strength.  
The following conclusions a re  drawn: 
1. Electron-beam (EB) melting subs t an t i a l ly  reduces the  l e v e l  of most 
meta l l ic  impuri t ies  bu t  not t he  i n t e r s t i t i a l  impuri t ies  i n  tungsten compared 
with tungsten consolidated by a r c  melting. The g r e a t e s t  reductions a re  i n  t he  
amounts of aluminum, iron, nickel,  and s i l icon .  
2. The r a t e s  of strain-induced boundary migration ( r e c r y s t a l l i z a t i o n ) ,  as 
calculated from the  Johnson-Mehl re la t ion ,  a r e  higher f o r  EB-melted tungsten 
than those observed previously f o r  l e s s  pure arc-melted tungsten. The average 
a c t i v a t i o n  energy i s  approximately 81 000 ca lo r i e s  per gram-mole, compared t o  
104 500 ca lo r i e s  per gram-mole f o r  arc-melted tungsten. 
3. The r a t e s  of g r a i n  growth f o r  EB-melted tungsten a re  higher than those 
for arc-melted tungsten, f u r t h e r  r e f l e c t i n g  i t s  higher puri ty .  The a c t i v a t i o n  
energies for gra in  growth ranged from 78 800 t o  114 000 ca lo r i e s  per gram-mole, 
suggesting t h a t  g r a i n  boundary d i f fus ion  i s  the  ra te -cont ro l l ing  process f o r  
both gra in  growth and r ec rys t a l l i za t ion .  
4. The d u c t i l e - b r i t t l e  t r a n s i t i o n  temperatures for EB-melted tungsten, de- 
termined i n  tension and i n  bending, a r e  similar or s l i g h t l y  higher than those 
observed for arc-melted and powder-metallurgy tungsten i n  the  worked condition. 
I n  the  r e c r y s t a l l i z e d  condition, the  t r a n s i t i o n  temperatures f o r  EB- and arc-  
melted tungsten a r e  a l s o  similar, both being lower than t h a t  exhibi ted by 
r e c r y s t a l l i z e d  powder-metallurgy tungsten of s i m i l a r  g ra in  size.  
5. The ul t imate  t e n s i l e  s t rength  of EB-melted tungsten a t  2500' t o  3500° F 
decreases with increasing gra in  size, as previously observed f o r  arc-melted 
tungsten. EB-melted tungsten i s  about 15 percent weaker i n  tension than arc-  
melted tungsten when compared a t  the  same g r a i n  s ize .  T h i s  difference i s  
ascribed t o  the  d i f fe rence  i n  purity.  The parabolic strain-hardening coef f i -  
c i en t s  f o r  EB-melted tungsten a l so  decreased with increasing gra in  size.  
6. The creep behavior of EB-melted tungsten could be cor re la ted  with t h a t  
observed e a r l i e r  f o r  arc-melted tungsten. EB-melted tungsten i s  weaker i n  
creep than arc-melted tungsten because of i t s  l a r g e r  gra in  s ize .  
7. The a c t i v a t i o n  energy for steady creep above about 3300' F was 
1 4 1  000+4 000 ca lo r i e s  per gram-mole; from 3 3 0 °  t o  2875O F, it decreased. The 
magnitude of the  a c t i v a t i o n  energy suggests t h a t  d i s loca t ion  climb i s  r a t e  con- 
t r o l l i n g  above 33000 F. 
35000 F w a s  106 000+3 300 ca lo r i e s  per gram-mole; t he  ra te -cont ro l l ing  reac t ion  
during t r ans i en t  creep i s  not known a t  t h i s  time. 
The ac t iva t ion  energy f o r  t r a n s i e n t  creep a t  22500 t o  
Lewis Research Center, 
National Aeronautics and Space Administration, 
Cleveland, Ohio, October 19, 1965. 
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